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The effects of the Ga 3d semicore levels on the electronic structure of GaN are discussed. While
band-structure theory using the local-density approximation predicts these states to overlap with
the N 2s band and to have important effects on the total energy, x-ray photoelectron spectroscopy
(XPS) shows that they occur ~3 eV below the N 2s band. This apparent discrepancy is resolved
by means of a so-called ASCF or difference of self-consistent-fields calculation, in which the binding
energy is calculated as a total-energy difference including solid state screening effects by means of
the excited-atom model. The calculated valence-band densities of states are found to be in good
agreement with the XPS spectrum. The differences between zinc blende and wurtzite GaN are

discussed.

I. INTRODUCTION

GaN and related group-III-nitrides (InN and AIN) be-
ing direct wide-band-gap semiconductors are of great
interest for short-wavelenth optoelectronics! as demon-
strated by the recent develpment of efficient blue-violet
light-emitting pn diodes by Akasaki et al? A study of
the electronic structure of these materials is important
for many of the envisioned applications.

Although many band-structure investigations3~!3 have
appeared, a somewhat controversial issue is the nature
of the Ga 3d semicore states. Most pseudopotential
calculations® ! with the exception of the calculations by
Wright and Nelson!? and Neugebauer and Van de Walle'3
were performed treating the Ga 3d states as part of the
inert core, i.e., not participating in the bonding, while
all-electron calculations®™” include them in the valence
band. The Ga 3d band dispersion was found to be im-
portant for total-energy ground state properties because
of their overlap with the N 2s band and the relatively
short distance (3.18 A) between Ga atoms in GaN, which
is only slightly larger than those in bulk Ga [orthorhom-
bic Ga has bond distances varying between 2.44 and 2.80
A (Ref. 14)]. The inclusion of the Ga 3d states among
the valence states was also found to influence the band
gap. These effects were first noted by Lambrecht and
Segall* and recently analyzed in detail by Fiorentini et
al.® and Wright and Nelson.'? Somewhat different con-
clusions were obtained regarding the question of whether
the inclusion of Ga 3d among the valence states expands
or contracts the lattice constant. We discuss the origin
of this apparent discrepancy.

The second purpose of this paper is to discuss ex-
perimental probes of the Ga 3d states and the valence
bands such as x-ray photoelectron spectroscopy (XPS).
We present experimental XPS results for zinc blende and
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wurtzite GaN. Comparison with the calculated densities
of states (DOS) clearly shows that emission from Ga 3d
states occurs ~3 eV below that of the N 2s bands in
conflict with the LDA single particle theory. This dis-
crepancy is explained in terms of self-energy effects as
calculated using the so-called ASCF or difference of self-
consistent-fields approach, in which the binding energy
of a localized state is calculated as a total-energy differ-
ence. The justification of this approach and the way we
implement it will be discussed below.

There has been one previous experimental study of the
GaN valence bands by XPS (Ref. 15) and one study using
UV-photoemission spectroscopy (UPS).1¢ Both of these
studies were limited to the wurtzite structure, which is
the equilibrium phase. Recently, it proved possible to
stabilize the zinc blende polytype of GaN by epitaxial
growth on GaAs.!? Characteristic differences between the
spectra in agreement with calculated densities of states
are pointed out.

II. EXPERIMENT

The zinc blende samples of GaN were grown on {001}
GaAs substrates while the wurtzite layers were grown on
{0001} sapphire. The cleaned substrates were mounted
on Mo blocks using In solder and transferred quickly
into the vacuum. Nitride growth was performed by an
electron cyclotron resonance (ECR) plasma enhanced
molecular beam epitaxy technique described in detail
elsewhere.l” GaN was grown at 670°C at a rate of 300
A/h. The growth on sapphire was initiated with a 300
A AIN bufferlayer grown at 650°C after several min-
utes exposure of the substrate to the nitrogen plasma.
The GaAs substrates were outgassed and the oxide des-
orbed in the conventional manner. A GaAs buffer layer
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was grown in order to obtain a clean, defect free ini-
tial surface for zinc blende heteroepitaxy. Then, the
Ga flux was stopped leaving the substrate under an As
overpressure while the nitrogen ECR plasma source was
lit. GaN growth was initiated by simultaneously clos-
ing the As shutter and opening the Ga and ECR shut-
ters. GaN was heavily doped with Si to avoid charg-
ing problems during the XPS measurement. The cu-
bic structure of the film was demonstrated by reflection
high energy electron diffraction during growth. The sur-
face was unreconstructed 1 x 1 with epitaxial relation-
ship GaN(001)||GaAs(001) and GaN[100]||GaAs[100] as
expected. The structure was verified after growth by x-
ray diffraction.

X-ray photoemission spectroscopy measurements of
the valence-band spectra were performed on a Perkin
Elmer PHI 5300 ESCA system. The XPS chamber is
vacuum connected to the nitride growth system and the
transfers between the chambers occurred under ultra-
high vacuum conditions (1 x10~° Torr). No evidence
of surface oxidation was detected by XPS in a sample
intentionally left in the transfer tube for several hours.
The duration of a typical transfer was five minutes.
The XPS spectra were obtained using Al Ka radiation
(hv = 1486.6 €V) with a linewidth of ~0.6 eV. The es-
cape depth for the photoelectrons is estimated to be ~25
A. Data were collected at an electron emission angle of
45°.

III. COMPUATIONAL METHOD

The theoretical framework of our study is density
functional theory (DFT) (Ref. 18) in the local density
approximation (LDA) as parametrized by Hedin and
Lundqvist.!® The band-structure method employed is the
linear muffin-tin orbital (LMTO) method in the atomic
sphere approximation?’ including the combined correc-
tion and empty spheres in the usual manner. Equal size
spheres were used for Ga and N. A more complete de-
scription of the band structures was given elsewhere.5
Here, we are mainly concerned with the treatment of the
Ga 3d orbitals and the DOS. These were calculated us-
ing the tetrahedron approximation®!-?? with a division of
the axes of the reciprocal unit cell in 16 divisions and us-
ing symmetry reduction to an irreducible set of k points.
The treatment of the Ga 3d states forms the main sub-
ject of this paper and is discussed along with the results.
The ASCF approach used to calculate core-hole excita-
tions more accurately will also be described along with
the results.

IV. RESULTS
A. Ground state properties

We have performed calculations for GaN in two dis-
tinct ways: (1) treating Ga 3d as a core level and
(2) as a valence band. Treating the Ga 3d state as a
core state in our calculation means imposing atomiclike
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boundary conditions on its wave function at the Wigner-
Seitz sphere radius. The core level and its associated
charge density are allowed to relax to self-consistency
and thus to adjust to the lattice constant. This treat-
ment is clearly different from a “frozen-core” (or frozen
overlapping core®) approximation which is more closely
related to the pseudopotential treatment as has been dis-
cussed in detail by Fiorentini et al.® What happens in our
Ga 3d corelike treatment is that the core wave functions
are artificially compressed in the small Ga spheres and
thus have a relatively high kinetic energy. The system
can lower its energy by expanding the lattice constant.
Hence in our Ga 3d corelike treatment we find a lattice
constant of 4.61 A which is ~2% larger than, and con-
sequently a bulk modulus ~3% smaller than the results
from our calculations which includes Ga 3d band dis-
persion. Our values obtained for the lattice constant and
bulk modulus treating Ga 3d as bands are a = 4.48 A and
200 GPa, respectively. These are in excellent agreement
with full-potential LMTO calculations.®” The overesti-
mate of the lattice contant in our Ga 3d core treatment
leads to an underestimate of the gap because the hydro-
static band-gap deformation potential is negative. Our
calulated value for the latter, dE;/dInV = —6.6 eV, im-
plies an underestimate of the gap by about —0.4 eV. In
our self-consistent band-structure calculations with Ga
3d treated as core throughout the iterations, the poten-
tial is adjusted self-consistently and leads to a final gap
which is smaller than the correct gap (obtained with Ga
3d as bands) by only —0.2 eV. The direct hybridization
effect of the Ga 3d on the valence-band maximum at a
fixed lattice constant is even smaller. This follows from
perturbation theory?¢ since it lies more than a Rydberg
away. In fact, if one recalculates the bands keeping the
potential determined self-consistently including the effect
of Ga 3d fixed but using a basis set that does not include
Ga 3d [which can be done by choosing the LMTO lin-
earization energy €,(Gad) in the conduction band], one
finds a gap which is reduced by only 0.1 eV. The latter
calculation corresponds to a “two-panel” calculation of
the bands.

Our conclusions on the effects of treating Ga 3d as a
core state differ from what is obtained in pseudopoten-
tial treatments or frozen-core treatments. As explained
by Fiorentini et al.,® the main additional error made by
the pseudopotential method is linearizing core-valence
exchange. Even when this is corrected for, the frozen-
core approximation leads to a slight underestimate of the
lattice constant. In pseudopotential calculations, some-
what arbitrary details on exactly how the pseudopoten-
tial is constructed (e.g., the choice of cutoffs in local and
nonlocal parts) and the convergence of the basis set can
make a difference.

B. X-ray photoemission spectroscopy
results and ASCF approach

Having convinced ourselves that treating the band
character of Ga 3d is important for a correct treatment
of the bonding, we now turn to its observation by XPS.



50 X-RAY PHOTOELECTRON SPECTROSCOPY AND THEORY OF ...

Gadp-N2p
\(

\J
L}
!

Gads-N2p e
~ Ve

20
BINDING ENERGY (eV)

FIG. 1. Measured XPS spectrum and theoretical DOS of
wurtzite GaN. The dotted line gives the raw data. The
dashed-dotted line differs by a background subtraction and
a scale factor chosen so as to magnify the upper valence-band
region. The experimental spectrum and theoretical DOS (full
line) are aligned by the 6 eV peak. The DOS in this calcula-
tion includes Ga 3d-N 2s hybridization effects and is not in
agreement with experiment in the region below 10 eV. The
dashed curve is a blowup of the DOS in the upper region
allowing better comparison to experiment.

An overview of the XPS spectrum of zinc blende GaN in
the binding energy range 0 to 20 eV is shown in in Fig.
1, with the theoretical DOS superposed. The theoretical
and experimental spectra were aligned at the sharp peak
at 6 eV binding energy measured from the theoretical
valence-band maximum. In this calculation, the Ga 3d is
treated as a band state and appears at 13.3 eV. The N
2s states form bonding and antibonding states appearing
as peaks on either side of the main Ga 3d peak. The ex-
perimental binding energy of the Ga 3d peak, however,
is 17.1£0.1 eV below the valence-band maximum. The
latter is in good agreement with previous XPS and UPS
measurements.15:16

To explain this discrepancy with LDA band theory,
we first note that DFT is not directly applicable to one-
particle excitations. While for broad valence bands, the
LDA Kohn-Sham eigenvalues €,;, which are obtained
from

[—:—;A +vg(r) + 'ch(r)] Ynk(r) = €nitnk(r), (1)

where vy is the Hartree potential combining the elec-
tron and nuclear electrostatic potential, and vy, is the
exchange-correlation potential, are close to quasiparticle
excitation energies E,, given by

[—-%A + 'UH(I‘)] Yok (r)

+/2xc(rv r,7Enk)\I’nk(r,)d3 "= Enkq’nk(r)a
(2)

with X..(r,r’, En;) the nonlocal and energy dependent
exchange-correlation self-energy operator, this is not so
for narrow bands, such as the Ga 3d shallow core state.

For the latter, the so-called ASCF approach?® provides
an alternative to solving Eq. (2). In this approach, one
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calculates the binding energy of the core hole Eg(c) as
the difference between two self-consistent total energies,
one in which the core state is occupied by the electron
and one in which the electron is removed. This procedure
is intuitively justified within DFT because the presence
of a core hole can be viewed as an additional external
potential to the valence electrons. The problem is that
one now has to treat a localized core hole and thus the
problem is equivalent to that of an impurity atom. In
fact, the assumption behind this model is that the pho-
toemission process is fast on the scale of the hopping time
associated with the bandwidth. In other words, the core
hole is assumed to stay localized on the site where it was
created during the time of the photoemission process.

The ASCF was originally introduced in the context
of Hartree-Fock theory and thus derives its name from
difference of two self-consistent total energies. In that
case, it corrects Koopmans’ theorem?? for the final state
or relaxation effects. In the context of DFT, it has an
additional effect since Koopmans theorem is not valid
in DFT, i.e., |€nk| do not have the meaning of binding
energies.

We first examine how the ASCF approach for the core
hole binding energy differs from the LDA Kohn-Sham
eigenvalue in the free atom. Atomic LDA calculations
for Ga yield

—estom — 198 eV and EZ3CF*°™(3d) = 28.4 eV,
(3)

which differ by 8.6 eV. One may also calculate the ASCF
energy by means of Slater’s transition state approach?é:27
as Eg(c) ~ —e.(1/2). In the present case, we obtain
—€3™(1/2) = 28.2 V.

The effect of embedding the core-hole excited atom
in the solid is that the latter is screened by the valence
electrons. Even in semiconductors, the induced screening
charge is mostly localized within an atomic Wigner-Seitz
sphere.?? The reason for that is that the wave vector
dependent dielectric function e(g) has as characteristic
decay the Thomas-Fermi wave vector,?® the inverse of
which is comparable to atomic sphere radii. This suggests
that as in metals, one can mimic the effect of the induced
charge density by means of the so-called excited-atomn
approach of Williams and Lang.?® In this approach, one
adds an electron to the first available empty atomic state
(here 4p) as the electron is being removed from the core
state. Again representing this process by means of the
transition state2®¢ approach, the shift between free atom
and embedded atom is given by

Asolid — _esd(3d9.5’4p1.5) + esd(3d9.5’4p1), (4)

which equals —4.0 eV. Combining the two corrections, we
predict the Ga 3d position to be 8.6 — 4.0 = 4.6 eV below
the LDA band position. This slightly overestimates the
shift since it would place the Ga 3d at 17.9 eV instead of
the experimentally observed value of 17.0 eV.

We note that a reduced screening (i.e., not localized
within the Ga sphere) would worsen the agreement. On
the other hand delocalizing the hole, in accordance with
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the above noted importance of band dispersion for Ga 3d
would provide a correction in the right direction. This
indicates that the ASCF treatment is only approximately
valid for this semicore state. A calculation based on
Eq. (2) would be interesting, but is beyond the scope
of the present paper. We note that even in Cu, the posi-
tion of the 3d band is 0.5 eV too high in LDA. As the 3d
states become narrower, the effect increases. See, e.g.,
Sec. F, p. 738 in Jones and Gunnarsson?® for further
discussion. Notably, the correction is 3 eV for bulk Ga,?®
which is only 1 eV smaller than found here. This is con-
sistent with the larger bandwidth in bulk Ga which in
turn is related to the closer Ga-Ga distance.

We now turn to a detailed examination of the upper
valence band and the N 2s band. The proper band struc-
ture to compare with XPS is the quasiparticle spectrum
E,; from Eq. (2) rather than the Kohn-Sham band
structure €, obtained from Eq. (1). The excited atom
ASCF model shows that the Ga 3d excitation lies well
below the N 2s band. Instead of actually solving Eq.
(2), we can incorporate the changes in quasiparticle band
structure from ¢, to E, in a somewhat ad hoc manner.
In the LMTO method, this can be done in two ways. The
first way is to remove the Ga 3d’s completely from the
spectrum under consideration by changing the lineariza-
tion energy ¢, for the d-partial waves of Ga to a value
where the latter become 4d-like instead of 3d like: i.e.,
€, is placed sufficiently high (i.e., a few eV) in the con-
duction band. We then recalculate the bands and DOS
with this basis set while keeping the potential fixed. This
amounts to a two-panel calculation for the final iteration

BINDING ENERGY (eV)

FIG. 2. Measured XPS spectrum and calculated DOS for
wurtzite (upper panel) and zinc blende (lower panel) GaN.
The DOS in these figures do not include Ga 3d-N 2s hy-
bridization. The solid curve gives the unbroadened DOS, the
long-dashed curve includes a Lorentzian broadening of 0.4 eV.
The short-dashed line gives the experiment with a scale factor
allowing one to see the Ga 3d region, the dotted line is the
same spectrum but with the upper part magnified.
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as we already mentioned in connection with the total en-
ergy and band-gap calculations. The second way is to ex-
plicitly include the shift of the Ga 3d “center of the band”
potential parameter (C) in the notation of Ref. 20.) This
is similar in spirit to an “LDA+U” calculation,3® except
for the fact that we here only include U as a correction in
the final iteration. Both procedures give essentially the
same result for the upper bands and for N 2s.

The DOS resulting from the first procedure for both
wurtzite (upper panel) and zinc blende (lower panel) are
shown by the full lines (unbroadened) and long dashed
lines (after Lorentzian broadening by 0.4 eV) in Fig. 2
along with the XPS results (dotted and short-dashed
lines corresponding to different scale factors).

We note that the characteristic shape differences of the
spectra in the upper valence band are in fair agreement
between theory and experiment. Specifically, these are a
sharper A feature and a slightly reduced intensity ratio of
features C'/A in wurtzite compared to zinc blende. Even
the weaker feature B is recognizable in the experiments.
The peak C is mainly related to Gad4s-N 2p bonding
states while peak A corresponds to Gadp-N 2p bonding
states, the dominant character being N 2p in both cases.
In both cases, we find that when peak C is adjusted in in-
tensity to the broadened DOS, peak A is more intense in
theory than in experiment. This may partially be a result
of different matrix elements for states involving the Ga
4s and Ga 4p components. In fact, the UPS data of Hunt
et al.'® indicate that the intensity ratio of peaks A/C de-
creases as one goes to higher photon energies. This is an
indication that matrix elements are indeed responsible.

Feature D which corresponds to the N 2s band appears
as a shoulder on the broad and intense Ga 3d emission in
the experiment. The peak positions in the upper valence
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FIG. 3. Measured XPS spectrum (dotted line) and calcu-
lated DOS (full line) of wurtzite GaN in the Ga 3d-N 2s range.
An additional bakground subtraction was made in this en-
ergy range so as to make the spectrum go to zero at 22 eV.
The DOS in this figure was obtained by adding a semiem-
pirical shift of 4 eV to the Ga 3d band center and includes
a Lorentzian broadening of 0.4 eV. The upper bands (not
shown) were positioned as in Figs. 1 and 2. A ~1.2 eV
discrepancy between the theoretical N 2s and experimental
shoulder positions is apparent.
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band agree well between theory and experiment indicat-
ing that the many-body effects responsible for the Ga 3d
band shift are small for N 2p. The theoretical N 2s band
position, however, is about 1.240.2 eV above the shoul-
der position indicating that a self-energy shift is also re-
quired for the fairly narrow N 2s band. This can be seen
more clearly in Fig. 3. In this figure the DOS was calcu-
lated including a shifted Ga 3d band (second procedure).
By including broadening, we see the N 2s appearing as
a shoulder on the Ga 3d peak although they are actually
well separated bands. The origin of the 1.2+0.2 eV shift
is essentially the same as for the Ga 3d peak, namely,
the differences between E,j and €,;. Unfortunately, the
excited atom model ASCF approach, however, is not ap-
plicable to the N 2s state because it cannot adequately
be described as a semicore level. In other words, the
width of this band invalidates the assumption that the
core hole stays localized as assumed in the ASCF model.
We thus cannot easily make an estimate of this shift.

V. CONCLUSIONS

In conclusion, the semicore nature of the Ga 3d states
leads to important effects on the bonding in GaN. The
close distance between Ga atoms and the near resonance
in energy of the Ga 3d and N 2s LDA eigenvalues leads
to considerable band dispersion and overlap with the N
2s band. Its effects on the band gap are mostly indirect
through the resulting effects on the lattice constant. The
quasiparticle excitation energy of the Ga 3d as probed by
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XPS, however, is about 4 eV deeper below the valence-
band edge than predited by LDA eigenvalues and clearly
below the N 2s band. This indicates that, in spite of
the band character, the self-energy effects on this nar-
row band are substantial. The ASCF approach combined
with the excited-atom model yields a value of 4.6 eV for
the shift. The overestimate of the shift by the ASCF
method is consistent with the semicore nature of these
states. The upper valence band features are in good
agreement with XPS including the differences between
zinc blende and wurtzite, while the experiment indicates
that the LDA result for the N 2s state needs a downward
self-energy correction of ~1.2 eV. Finally, we note that
similar effects to the ones described here for Ga 3d in
GaN are expected for In 4d in InN.

Note added in proof. After completion of this work, we
noted that the quasiparticle band-structure calculations
of GaN by Rubio et al.3! obtain a ~ 2 eV downward shift
of the N 2s band, in good agreement with the present
work.
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